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A series of single-cell, hydrogen-air proton exchange membrane fuel cells~PEMFCs! was operated for different lengths of time,
namely, 200, 500, 700, and 1000 h. A group of reproducible and identical membrane electrode assemblies~MEAs! was used for
those tests. Cell performance was studied by examining the cell polarization curves. After various lifetime tests, each MEA was
cross-cut and characterized by X-ray diffraction~XRD!, transmission electron microscopy~TEM!, scanning electron microscopy,
and Raman techniques to investigate any changes in catalyst structure and morphology, as well as particle size and chemical
composition. The average particle size of the catalysts was calculated from XRD results and was found to increase with cell
operating time. In addition, the agglomeration in nanometer-sized catalyst particles was observed from TEM analysis after
prolonged cell operation. Ruthenium oxide was identified from Raman spectra of the anode catalyst from the tested MEAs, while
no oxides were found on the cathode catalyst at the cell operating voltage. It is possible that the formation of metal oxides at the
surface of the anode catalyst led to larger particles and ultimately resulted in the decrease of catalyst activity. This might be
responsible for the slightly degraded cell performance following 700 h of operation.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1625944# All rights reserved.































































f theA proton exchange membrane fuel cell~PEMFC! is an electro
chemical device that converts chemical energy of reaction dir
into electrical energy.1 Due to its high efficiency in energy conve
sion, environmentally clean working condition, simple stack st
ture, and flexibility of fuel usage from pure hydrogen to methan
natural gas, the PEMFC is considered to be one of the most a
tive energy conversion devices for such applications as mobile
stationary power supplies. Usually a fuel cell consists of an ele
lyte layer contacting an anode and a cathode on both sides. N
~or other proton exchange polymer! is used as electrolyte. Hydrog
is fed into the anode to be oxidized as H1, which transfers from
anode to cathode through the proton exchange membrane~PEM!.
Air is sent into the cathode as an oxidant to react with H1, forming
water. Upon closing the circuit, electrons flow from anode to c
ode, forming an external current that provides electrical po
There is no hazardous spillage and the only exhaust is H2O when
operated on pure hydrogen.
Fuel cells for automotive, portable, and residential applica
are required to be reliable, inexpensive, and durable. There are
of challenges for the commercialization of PEMFCs. Besides
high cost of the PEM, the activity and lifetime of the catalyst n
improvement. It is well known that as the catalyst particle size
creases, the relative surface-active area increases;2 thus, the catalys
loading decreases.3 However, the effect of smaller catalyst partic
on performance and endurance is unknown. In order to find
relationship between catalyst particle size and performance, an
durance, the catalyst morphology, structure, and chemical com
tion must be characterized.
Significant studies have been carried out in gas-diffusion
thin-film catalyst layers to optimize the catalyst utilization
performance.4-6 However, little information is available on the lon
term operation of PEMFC single cells or stacks. Recently, Ahnet al.
investigated the lifetime and performance of kW-class PEM
stacks by analyzing the membrane electrode assembly~MEA! and
found that platinum oxide existed at the cathode, while silicon
taminated both the anode and cathode following the lifetime7
They further concluded that the degradation of catalysts an
contamination of the MEAs might be the major causes for the l
term decline in stack performance. Ralph and Hogarth observe







the anode electrode Pt surface area~EPSA! decreases with time in
PEMFC by in situ cyclic voltammetric analysis.8 They confirmed
that this was due to sintering effect of Pt50Ru50 alloy catalyst.
For quality control, diagnosis of each component in the ME
very important before assembly into a fuel cell stack. Howe
optimization of the MEA performance is needed before mass
duction can occur. In this regard, measurements in out-of-cell
and in-cell tests are crucial for optimization. The MEA struc
permits three-phase contact between gases, electrolyte, and
catalyst surfaces. It is thus important to measure and diagno
behavior of the physical, chemical, and electrochemical proc
occurring in all layers of the MEA.
By far, the most commonly used technique in electrochem
studies of fuel cell reactions has been voltammetry. However,
been used primarily in a qualitative way to compare different e
trodes or electrolytes on the basis of currents and potentials o
dation during a potential sweep.9 Lee et al. applied transmissio
electron microscopy~TEM!, X-ray diffraction ~XRD!, and X-ray
photoelectron spectroscopy~XPS! to characterize the formation, s
face structure, and chemical composition of nanoparticle alloy
lysts in a direct methanol fuel cell~DMFC!.10 The focus was on th
catalyst activity and on the DMFC performance. Blomet al. re-
cently investigated the cross-sectional structure of the MEAs
PEMFCs.11 They found that the MEA structure and chemis
change during fuel cell operation. However, to our knowledge
systematic analysis of catalyst changes in PEMFCs has be
ported. In this paper, a series of reproducible and identical M
were tested for varying lengths of time and the catalysts were
lyzed by XRD, TEM, scanning electron microscopy~SEM!, and
Raman techniques to investigate any changes in structure and
phology, as well as particle size and chemical composition.
Experimental
MEA and single-cell lifetime tests.—A group of MEAs were fab
ricated using exactly identical procedures. Nafion 112~DuPont!
electrolyte membranes were treated with nitric acid and sulfuric
before being used in the fabrication of MEAs. The catalyst ink
made from a portion of 5% Nafion solution~Electrochem, Inc.! and
a certain amount of catalysts~Johnson Matthey!. The anode cataly
was 30% PtRu~1:1 ratio! on carbon and the cathode catalyst
40% Pt on carbon. The backing material was made using c
cloth ~Zoltek! and Teflon coated with a layer of carbon black
poly~tetrafluoroethylene! ~PTFE! emulsion. Using a coating appa












































































Journal of The Electrochemical Society, 151 ~1! A48-A52 ~2004! A49carbon cloth backing material. The catalyst loading was 0.5 mg2
on each side. Sandwiching the two carbon cloth backings with
lyst layers onto a Nafion 112 membrane at 120°C complete
assembly of the 25 cm2 active area MEA.
The MEA was then assembled into a single cell with grap
bipolar plates and gold-plated copper end plates. A dou
serpentine flow field was machined into each graphite plate. D
the single-cell operation, the humidified hydrogen and air en
the anode and cathode of the cell at a constant flow rate of 47.1
186.65 mL/min, respectively. The lifetime tests of 200, 500,
and 1000 h were conducted under an identical load, and variatio
cell voltage and current over time were recorded using a comp
controlled data acquisition system. A fresh MEA was always
for each lifetime test. The performance curves of each test wer
obtained periodically during different stages of cell operation. P
of the performance curve were measured at 5 min intervals
sure the cell was under steady-state conditions.
MEA characterizations.—After each test, the MEA was carefu
removed from the cell, labeled, and treated with liquid nitrogen.
frozen MEA sample was then immediately cut into small pie
which were used for the subsequent XRD, SEM, TEM, and Ra
studies. The liquid nitrogen treatment enabled us to cut the
sharply without any smear on the surface to jeopardize the c
sectional analysis.
The cross section and side surface of MEAs were analyzed
LEO 1530 field emission scanning electron microscope~FESEM,
LEO Electron Microscopy, Ltd., Germany! without coatings. Th
structural information of MEAs was obtained by XRD~Rigaku
D/max-RC X-ray diffractometer with rotating target, Japan! with a
scan step of 0.6°/min. The particle size measurements were re
three times and calculated to average data. A JEM 100 CX II t
mission electron microscope~JEOL Co., Japan! and Dilor LabRam
with confocal microscope Raman spectrometers~Jobin Yvon,
France! were used in this investigation for analyses of particle s
and surface composition of catalysts. In TEM analysis, the cata
were carefully scraped off the carbon cloths of tested MEAs
placed into vials containing ethanol and then ultrasonically agi
for 10 min to form suspension slurries. The Raman spectra
collected using He-Ne laser withl 5 632.8 nm and a scan time
50 s.
Results and Discussion
Single-cell performance and lifetime test.—Several factors, suc
as cost, reliability, and lifetime, affect the commercialization
PEMFC systems. Lifetime of PEMFCs is the most important
may change the other two factors. Figure 1 shows a typical life
graph of a PEMFC using a MEA fabricated in the Gas Techno
Figure 1. Lifetime test of a PEMFC at 400 mA cm22. Tcell 5 60°C, ambi-




Institute. The cell was continuously operated constantly more
4000 h with a decay rate of approximately 3 mV/1000 h. In o
to find the decay causes, we did a series of in-cell and ou
experiments.
A group of MEAs were used to find the relationship between
catalyst microstructure and cell lifetime. The cell performa
curves measured during different stages of single-cell operatio
cell temperature of 50°C, at ambient pressure, and at 50% re
humidity are compared in Fig. 2. As evident in the figure, the o
circuit voltage~OCV! of each cell was 0.96 V, showing good rep
ducibility. The curves obtained at 212, 418, and 581 h, respect
overlapped each other, indicating a stable cell performance fo
first 600 h operation. However, the cell voltages of 742, 906,
1075 h curves dropped faster at the same current density, imp
degradation in the cell performance after a prolonged operatio
MEA characterizations.—XRD and TEM analyses.—Figure 3
shows typical XRD spectra of anode and cathode catalysts in a
range of 2u angles obtained from the powder samples and from
MEA after 200 h of single-cell operation. For a comparison,
XRD spectrum obtained from a platinum foil is also included in
3a. Evidently, five characteristic peaks corresponding to Pt~111!,
Pt~200!, Pt ~220!, Pt ~311!, and Pt~222! were identified from th
powder catalysts. All the peaks observed from the cathode ca
were sharper than those observed from the anode catalyst, a
2u angles of these peaks for the anode catalyst became s
larger. In Fig. 3b, two additional peaks, corresponding to the N
and carbon~002! peaks were also seen at the smaller 2u angles nea
18 and 26°, respectively.
In an effort to study the relationship between MEA structure
performance decay, the postanalysis of MEAs with different pe
of operation was performed using different techniques. The
spectra were obtained at a scan step of 0.6°/min to reveal the c
structure changes for both anode and cathode catalysts. The r
after the subtraction of background intensity and the separati
ka2 radiation, are presented in Fig. 4. The peaks observed neu
angles of 40 and 46° in Fig. 4 corresponded to Pt~111! and Pt~200!.
The strongest peak, Pt~111!, tended to become narrower in the ca
ode diffraction spectra after different lifetime tests. However,
similar peaks~also near 2u angles of 40 and 46°! for the anod
appeared broader than those observed from the cathode. In p
lar, the second peak at 46° for the anode became less defined~excep
700 h!, as evident in Fig. 4a.
Figure 2. Variations of cell voltage with current density during differ



































Journal of The Electrochemical Society, 151 ~1! A48-A52 ~2004!A50The broad anode peaks are Pt50Ru50 catalysts on carbon. Th
narrow cathode peaks are Pt catalysts on carbon. The XRD pa
of Pt50Ru50 catalysts on carbon studied designate single-phase
centered cubic~fcc! disordered solid solutions.12 Relatively, the an
ode peaks have more changes in structure than the cathode
especially at the~200! peaks.
The average particle size~D! of the catalysts was calculated fro
XRD using a Scherrer equation by a Laue integration width.
results are summarized in Table I. The calculatedD values are als
compared with those obtained by a full-width at half-max
~fwhm! which is determined by fitting the Pt~111! peak with a
Lorentzian function. The fwhm method, which has been widely
to determine average particle sizes, usually considers the con
tions from larger-sized particles only. The Laue integration w
method generally includes the size effect from all particles an
more appropriate for the calculation of average particle sizes. I
be seen from Table I that regardless of the calculation methods
theD values of both anode and cathode catalysts tended to inc
after various lifetime tests. However, theD values for the cathod
catalyst of the MEAs after 700 h of operation were unexpect
larger. TheD values for 200 h and catalyst powders calculated
the fwhm method agreed reasonably well with the Laue integ
width method. However, notable deviations inD values from the
different methods used occurred after the MEAs were tested for
700, and 1000 h. This suggests that the effect of particle size be
more pronounced after prolonged cell operation. In fact, the
ticles coalesced, as evident in Fig. 5, which presents the TEM
ages of anode and cathode catalysts from various tested ME
was observed that the nanometer-sized catalyst particles agg
Figure 3. XRD patterns of anode and cathode catalysts~a! from powder










ated to some degree after various lifetime tests. Endohet al. re-
ported that the crystal size of Pt catalyst increases from 2 to
after 5000 h operation.13 We observed the growth pattern of
catalyst particle size. Figure 6 is a plot from the Table I data.
figure shows the trend of the particle size increasing with the
cell operation time. The particle size increases approximately 1
1000 h using the Laue calculation method and 2 nm/1000 h from
fwhm calculation.
Figure 4. XRD patterns of MEAs after different lifetime tests~a! cathode
and~b! anode. The XRD spectra of catalyst powders are also included
figure for comparison.
Table I. Average particle size of catalysts calculated from XRD.
Sample
Average particle size D~nm!
fwhm Laue integration width
Anode Cathode Anode Cathode
Catalyst powder 3.2 5.0 3.3 5.0
200 h 3.2 5.6 3.3 5.4
500 h 4.6 6.3 3.6 5.2
700 h 5.4 8.1 5.2 7.5






















Journal of The Electrochemical Society, 151 ~1! A48-A52 ~2004! A51SEM analysis.—The surface morphologies of MEA microstruct
after 200, 700, and 1000 h tests are compared in Fig. 7. The ca
particles after 200 h appeared more individual, while the cat
particles after 700 and 1000 h seem to be more combined with
other. However, the 1000 h MEA still exhibited a very good part
late property and remaining catalytic activity. Therefore, only s
degradation in cell performance was observed after the singl
operated for more than 1000 h, as indicated in Fig. 2.
Figure 5. TEM images of anode and cathode catalysts from the po
samples and the MEAs after different lifetime tests.t
h
l
Raman study.—The chemical species presented in MEAs after
ferent lifetime tests were also identified by a Raman spectrom
and the results are given in Fig. 8. For comparison, the Ra
spectra obtained from the catalyst powders are also include
seen from the figure, the Raman bands observed at 506, 61
675-680 cm21 from the anode side of MEAs were associated
metal oxide species such as amorphous ruthenium oxide (RuO2),
13
while the Raman bands appearing near 1330 and 1592 cm21 were
typically amorphous carbon. Compared with those bands obt
for single-crystal RuO2 , which are characterized by three band
528, 646, and 716 cm21 and correspond to Raman-active pho
frequencies,14 a significant shift in the Raman bands observed in
investigation could be caused by a lower degree of crystallini
Figure 6. Catalyst particle size changes with operation time of PEMFC
Figure 7. Surface morphologies of catalysts from anode and cathode















































Journal of The Electrochemical Society, 151 ~1! A48-A52 ~2004!A52the catalysts and smaller crystal sizes of RuO2 .
15 Although the
RuO2 was initially present in the powder sample of anode cata
the intensity of Raman peaks increased considerably after the
time tests and sharper peaks were observed for the 1000 h ME
as RuO2 in the Pt50Ru50 catalyst is a key component to form OHad
from water.16 The formation of the metal oxide increases with
increase of water adsorption, which may increase with longer
operation time. No oxides were found at the cathode catalyst o
MEAs or in the powder sample, as evident in Fig. 8c. The forma
of platinum oxide at the cathode as previously reported7 was though
to be responsible for the failed MEAs. In this investigation, no M
failures were found and the performance of the single cell was
slightly degraded.
MEA degradation is a very complicated problem. It could
related to~i! the cell flow field design; (i i ) cell operation conditions
such as temperature, pressure, and purity of fuels and oxidan
( i i i ) cell operation approaches, such as frequent load cycling. T
factors could affect the PEM degradation, chemically and/or
chanically; the catalyst morphology, structurally and chemically
diffusion electrode hydrophilic and hydrophobic properties; and
whole MEA structure. More experiments will be planned using
combination of TEM, SEM, Raman, and other physical and ch
Figure 8. Raman spectra of anode and cathode catalysts from MEAs
different lifetime tests. The spectra from the catalyst powders are als





Single-cell PEMFC lifetime tests of various durations were
ried out using humidified H2 /air reactants and new, identical MEA
The agglomeration in nanometer-sized catalyst particles wa
served after prolonged single-cell operation. Ruthenium oxide
also identified at the anode catalyst, and the intensity of RuO2 was
found to increase considerably after various lifetime tests. The
mation of a metal oxide at the catalyst surfaces resulted in th
crease in particle sizes, as evident from XRD, TEM, and SEM
acterizations. This caused size coalescence, which ultimately
slightly degraded cell performance after more than 700 h of o
tion. However, no metal oxides were found at the cathode cat
even after 1000 h of operation. It was demonstrated that exc
cell lifetime and performance could be maintained even after 10
of operation, since the MEAs maintained good particulate n
and catalyst activity.
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